One limitation faced by many comparative niche studies stems from the fact that niche 67 similarity is often quantified in geographic space (Warren et al. 2008 (Warren et al. , 2010 species being compared, the higher the inferred niche similarity. Though superficially this is 74 true, this approach is handicapped by the fact that such measurements are only accurate when 75 habitats that span the ecological tolerances of both species are equally represented in 76 geographic space. This assumption makes measuring niche similarity in geographic space 77 problematic -particularly, though certainly not exclusively, in the case of invasive species. This 78 is because it requires two species to occupy the same geographical area before one can assess 79 niche similarity -despite the fact that both analogous environments and the species might exist 80 elsewhere. Lastly, because comparisons in G-space count the number of shared cells occupied 81 (or in continuous analysis, the relative suitability), the resulting niche similarity measurement is 82 biased towards more common habitat types. 83 To illustrate this point, picture a scenario where three landscape types reflect different 84 environmental conditions (e.g., mean temperatures) and are present in a given area: niche' stating: 'The term "potential niche" may be somewhat unfortunate, however, since it 146 represents the currently existing manifestation of the fundamental niche… that is in reality 147 available at the moment, rather than the species' potential'. We completely agree, and our 148 proposed changes directly address this critique. We argue for this semantic changeusing 149 our updated definition of 'potential niche' instead of 'biologically reduced niche' -given 150 that it more efficiently characterizes the core concepts and does not require a detailed 151 understanding of a BAM diagram for casual comprehension. Lastly, our proposed change 152 renders potential niche as a direct E-space analog to a species 'potential distributional area' in 153 G-space (Table 1) 160 The limited incorporation of non-equilibrium distributions into analyses, in part, is caused by 161 the fact that no available software provides an intuitive or accessible way for researchers to 162 quantify and incorporate non-equilibrium conditions into statistical tests of niche similarity. 163 In this paper, we aim to further progress by introducing an environmental space (E-space) 164 based Niche Equivalence Statistic that builds on the methods and statistics proposed by Nunes and Pearson (2017), we introduce a new Background Statistic to measure the ability of 170 this Niche Equivalence Statistic to detect differences based on the available E-space (Box 1, Fig.   171 3). These metrics enable fair comparisons between different geographies and when the ranges 172 of species are out of equilibrium. 173 Based on distinct parameterization of the new Equivalence and Background statistics (Fig. 4) , 174 we then propose two corrected E-space based statistical tests: a Niche Overlap Test (NOT) and 175 a Niche Divergence Test (NDT) that, jointly, allow scientists to recognize differences between 176 species that emerge from true niche divergence instead of other confounding causes such as 177 differences in life history (e.g., mating systems or parental care types), differences in their 178 biological interactors, or in the variety and configuration of accessible environments. 179 Specifically, the NOT estimates the similarity between the occupied niches of the species; it 180 considers the total accessible environmental space represented within the geographic 181 distribution of the species (for a general overview of entire study see Fig. 4 ). In turn, the NDT 182 estimates the portion of the accessible environment space that is shared by two species (herein 183 called analogous accessible environments or analogous accessible E-space; Figs. 1, 184 Supplementary Figs. S1-S3); it allows us to ask how equivalent (or not) the occupied niches of 185 two species are given a common environmental background. When the NOT indicates 186 significant differences in the total environmental spaces occupied by the two species, there is 187 support for the hypothesis that they currently occupy different niches -but we cannot state if 188 the niches have diverged or if the similarity (or lack thereof) is due to other causes (see Table   189 2). If the NDT results in a significant value, it indicates that the niches of two species that share 190 common accessible environmental space are not equivalent, lending support for the hypothesis 191 that their fundamental niches are the result of divergent evolution. 192 These novel tests are implemented in a new R package, 'humboldt', introduced here. Our 193 methods differ from existing methods in several key aspects (Table 3) To evaluate the performance of the new tests, we use two simulated species with pre-defined 204 niches: one able to tolerate both cool and warm habitats (akin to a species distributed both in 205 lowlands and highlands), and one unable to tolerate cold conditions (lowland specialist). Using 206 the simulated range of these species, we explore which parameters and settings provide the 7 most accurate estimate of niche similarity among the two taxa, evaluating the impact of the 208 choice of niche similarity index (Schoener's D and Warren's I), choice of Niche Equivalence 209 statistics (G-based, uncorrected E-space, corrected E-space), and environmental availability 210 (equal, warm-biased, cold-biased). Then, we apply the best performing metrics and parameters 211 to compare the performance of NDT and NOT tests to two of the most commonly used niche Fig. 4 for an overview of the study). We complement the 215 statistical tests with an index that quantifies the potential for a species' occupied E-space to be 216 truncated by the available E-space in its environment (thus providing context for cross-species (to be applied when Identity tests were   230 non-significant), which asked whether the two niches are simply more similar than expected by 231 chance. The Similarity Test is aimed to test the power of the Equivalence Test, asking whether 232 two distribution models are equivalent due to matching environments available in the habitat. 233 If habitats contain identical environments, then species' niches could be statistically equivalent 234 solely due to the lack of difference in the environments to which both species were exposed. 235 These tests were implemented in the software ENMTOOLS ( data. In practice, when clusters of points are shifted to areas of no environmental data, the 319 entire cluster is subsequently shifted back into an area with data. Thus, in most cases the 320 regional spatial autocorrelation is maintained. Background Statistic are non-significant, it suggests that the perceived niche equivalency could 326 be a result of the fact that the total environmental space present in one or both landscapes is 327 identical to one or both species' occupied niche(s) ( Table 2 ). In these situations, there is limited 328 power for the Equivalence Statistic to actually detect significant differences among taxa, even if 329 they exist. Importantly, however, the Background Statistic does not provide any evidence that 330 niches are not equivalent; it simply quantifies the power to detect significance based on the 331 input environmental data. Note that these tests have different inference power. If the NDT results in a significant 371 Equivalence Statistic, it indicates that the niches shared accessible environmental space is non-372 equivalent; thus, there is support for the hypothesis that their occupied niches are the result of 373 divergent evolution. In turn, when the Equivalence Statistic is performed in the NOT, it indicates 374 significant differences in the total environmental spaces occupied by the two species; there is 375 support for the hypothesis that they occupy different niches, but one cannot affirm whether 376 the niches differ due to divergent evolution or to asymmetries in habitat accessibility (see Table   377 2 and Supplementary Table S1 , Box 1D-E), or other reasons. As typically implemented, the tests 378 of ENMTOOLS and 'ecospat' represent a form of a NOT. distribution created for simulated species 1 in half at 26⁰C, with values below 26⁰C being 399 unsuitable and values above 26⁰C perfectly matching the suitability of simulated species 1. 400 Although these simulated temperature affinities may not be realistic, we implemented them to 401 ensure that the fundamental niche for species 1 is twice as large as simulated species 2 ( Fig. 6A 402 top). Both species share the same second niche dimension, represented by a logistic curve with 403 a sigmoid midpoint at 1.6m of annual rainfall, between 0-0.6m from which suitability is zero. 404 This created two rainforest species whose suitability is zero below 1 meter of annual rainfall, 405 which goes to 0.5 habitat suitability at 1.6m of annual rainfall and achieves highest suitability at 406 2m annual rainfall and above ( Fig. 6A bottom) . 
The G-space and E-space niche similarity measurements reported here were calculated in 452 ENMTOOLS and 'humboldt', respectively. We chose to report a single value to keep the focus on 453 the two similarity indices (as the equations for the niche similarity metrics are the same among warmer values in landscape gradually decreases so that 31.0⁰C, the warmest value, is the least 471 frequent in the environment (Fig. 7B ). In the 'warm biased' landscape, 31⁰C was a majority of 472 values, with the frequency of cooler values gradually decreasing to 21.0⁰C, the coldest value, 473 which has the lowest frequency ( Fig. 7C (Table 6 ). They also perfectly quantified 580 niche similarity (average niche similarity= 1, Table 6 , Supplementary Tables S2-4 ). However, when comparing the same species between environments, the measured overlap was lower 582 than 1 (mean niche similarity in analogous environments= 0.547, total E-space=0.522). When 583 comparing simulated species 1 to simulated species 2 in the same and different geographic 584 regions, two (of four) NDT and NOT resulted in the rejection of the null hypothesis and 585 recovered the divergent niches. In the case of non-significance in all inter-species comparisons, 586 at least one of the Background statistics was also non-significant, suggesting that in that 587 particular case there exists limited statistical power to actually recover a difference (see Table   588 6). Overall, eight (of ten) NDT and NOT matched the expected relationships (i.e., divergence 589 between different species and equivalence niches within species comparisons; Fig. 8 ). Table 6 , Supplementary Tables S2-S4 ). However, when comparing the same 596 species between environments, the measured similarity was lower than 1 (mean niche 597 similarity= 0.408). When comparing simulated species 1 to simulated species 2 in the same 598 geographic region (e.g., within South America) and different geographic regions (e.g., between 599 South America and the Island of New Guinea), all four Equivalence Tests resulted in the 600 acceptance of the null hypothesis that the two species are equivalent and did not infer that the 601 niches are divergent. For all inter-species comparisons, at least one of the Background Tests 602 was also not significant, suggesting there exists limited statistical power to actually recover a 603 difference (see Table 6 ). Overall, five (of ten) Equivalence Tests matched the expected 604 relationships (i.e., divergence between different species and equivalent niches within species 605 comparisons; Fig. 8 ).
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Statistical tests in G-space. All equivalence tests in G-space that were based on the 19 Bioclim 608 variables supported the null hypothesis of niche equivalence (P=1.000) in comparisons between 609 species and within the same species-failing to recover significant differences in all tests (n=2) 610 where divergence was expected ( space is the requirement that species occupy the same geographic area before you can assess 668 niche similarity. This is despite the fact that many analogous environments might occur 669 elsewhere. 670 The final limitation is the lack of environmental context provided by analyses in G-space. 671 Analyses in E-space provide explicit context for how the species' niche is characterized by the 672 available environments. Based on the relationship between the species' E-space and that 673 available in adjacent environments, we can assess the likelihood that the observed E-space is between the two regions (see analogous vs. non-analogous environments, Fig. 6G ). When 768 comparing the fundamental niches (Fig. 6A) to the E-space available in the landscapes (Fig. 6G) , 769 22 the precipitation E-space appears to be truncated in both SA and NG, and the broad range of 770 precipitation that is habitable is occupied to the edges of what is available. In several instances, 771 our methods failed to recover significant differences between the two species, when simulated 772 in different landscapes, supporting the null hypothesis of niche equivalence. Again, when 773 looking at the distributions of analogous and non-analogous environments between the 774 simulated species in either region (Fig. 6G) , as well as the high potential niche truncation niches) due to the two species occupying non-analogous climates (Fig. S4 ). However, if analysis 814 occurred only in analogous shared environments (i.e., in the NDT), in most cases (see Fig. 8 ), 815 the Equivalence Statistic would be non-significant, correctly supporting the hypothesis that 816 niches are identical. We also demonstrate that the NDT doesn't impede detection of non-817 equivalent overlapping niches in only analogous environments (Fig. 8) , and similarly it should 818 not affect tests between non-overlapping niches ( Supplementary Figs. S5 and S6 ). may be more tightly linked in the native range of a species, it should be expected that its 832 potential niche in the invasive range will be larger than in its native range. 833 These realizations mean that, for most of the taxa we study, exhaustive proof of niche 834 divergence via casual correlations is not possible. However, it does mean that we can place a Levels. In each cell, the measured value and difference from the true value is depicted (in 1074 parentheses). To summarize performance, we summed the total differences (value is in the 1075 Sum of Error row). The lower the value, the closer measured values were to the true values. 1076 Tests were carried out in both geographic space (G-space) and environmental space (E-space) 1077 within three different levels of habitat heterogeneity: equal, warm-biased, and cold-biased. If key habitats associated with different environmental space are not equally represented, biases can also occur towards the most abundant suitable habitats. This can lead to the appearance that two taxa occupy different environmental space, whereas it actually is only an artefact of the differential abundance of habitats between the two distributions. The Niche E-space Correlation Index (NECI)determines if the species occupied environmental space should be standardized by the abundance of environmental space throughout the species' accessible environments. If the NECI is high (e.g., > 0,5), species occupied niches should be corrected by the frequency of E-space in accessible environments to reduce type I errors.
Niche Equivalence Statistic
A resampling statistic that compares the observed niche similarity values to resampling the observed dataset. It is used in the Equivalence, Niche Overlap, Niche Divergence Tests. Occurrence localities are pooled and resampled in two groups equaling the number of localities in the original dataset. Niche similarity is then assessed and compared to the niche similarity of the observed data. Niche Equivalence Test A statistical test of the null hypothesis that two occupied niches are equal. If significant, the two niches are statistically different. 
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Significance is determined by the frequency that the observed overlap is greater than the reshuffled datasets. C.
1148
Background Statistic. This statistic asks if the two distributed species are more different than would be expected 1149 given the underlying environmental differences between the regions in which they occur. The function compares 1150 the observed niche similarity between species 1 and 2 to overlap between species 1 and the random shifting of the 1151 spatial distribution of species 2 in geographic space and then measuring how that shift in geography changes 1152 occupied environmental space. This statistic maintains most of the spatial structure of the input localities and 1153 thereby retains the nuances associated with each dataset's spatial autocorrelation. 
